This paper proposes a cableless in-piping magnetic actuator that exhibits a very high-speed locomotion into inner pipe of 8 mm. The cableless magnetic actuator is moved according to the vibration amplitude and resonance energy of a mass-spring system excited by using an electromagnetic force. The iron core size of the bobbin type electromagnet was roughly designed by computer simulation and then optimized experimentally. The proposed actuator incorporates an electrical inverter that directly transforms DC from button batteries into AC. The electrical DC-AC inverter incorporates a mass-spring system, a reed switch and a curved permanent magnet that switch under an electromagnetic force. The duty ratio is changed into this electrical inverter by changing the position of the curved magnet and the reed switch. Experimental result demonstrates that the cableless magnetic actuator was able to move horizontally at 471 m, and horizontal speed at 327 mm/s when Maxell SR621W silver-oxide button batteries were used.
Introduction
There is the need of the robot which transports a very small amount of medicine and bacteria from a laboratory to a laboratory in the same building or another building. In consideration of safety, the transportation system expects interception with the outside air. Furthermore, the realization for in-piping robots capable of high speed locomotion over long-range inside a thin pipes is required because of setting of the big pipe is unfavorable in security. A number of studies have investigated the mechanisms of an actuator controlled through an electric cable to provide locomotion in a pipe using devices such as piezoelectric elements [1, 2] , shape memory alloys [3, 4] , and electromagnetic motors [5] [6] [7] [8] [9] [10] . However, little research has been conducted on cableless robots [11] [12] [13] [14] and electromagnetic vibration type [15] [16] [17] [18] proposed by authors. In the case of cableless robots, cableless actuators are not capable of movement over long distances. There are several design problems with regard to extending the range and avoiding tangling of cables when the actuator moves a long-range movement. As such, a cableless system is clearly desirable. However, a cableless actuator having a range of movement over several hundred meters in a thin pipe with a diameter of several millimeters has not yet been reported.
The authors previously proposed [16] [17] [18] a novel cableless actuator that provides propulsion by a new motion principle that combines mechanical vibration and electromagnetic force. However, the moving properties by effect of loaded battery are not completely investigated.
The present study is to completely investigate the moving characteristics of the cableless magnetic actuator presented in the previous paper [16] [17] [18] . The effect of the two kinds of batteries on the moving properties of the cableless actuator was discussed. Influence of the duty factor of the electrical DC-AC inverter on the moving properties of the actuator was demonstrated. In addition, experimental results demonstrate that the moving properties of the actuator by the change of the shape of the electromagnet were improved in comparison with a previous paper [16, 18] . The results are promising for the creation of highly mobile actuators capable of movement in pipes having diameters of less than 10 mm. moving within a pipe having an inner diameter of 8 mm. The magnetic actuator consists of a propulsion module, an electrical DC-AC inverter composed of a reed switch, a curved permanent magnet, a frame, and a number of button batteries. In the present paper, two actuators with different propulsion modules, referred to as modules I and II were investigated. The dimension of the magnet of propulsion module I is different as compared with that of the previous study [18] for the purpose of improving properties of movement. Figure 2(a) illustrates detail of the propulsion module I. The propulsion module I is composed of two identical ring type permanent magnets, labeled A and B, two translational springs, two metallic rods with plastic circular plates of ring type, and a bobbin type electromagnet. Module II is identical to module I except that module II has no permanent magnet B. In module I, the axial magnetic field of the electromagnet is used more effectively compared with module II. Permanent magnet A is a NdFeB magnet and is magnetized in the axial direction. Permanent magnet A has an outer diameter of 7.8 mm, an inner diameter of 5.5 mm, and a thickness of 2.5 mm. Permanent magnet B is a NdFeB magnet and is magnetized in the axial direction. Permanent magnet B has an outer diameter of 6.5 mm, an inner diameter of 2 mm, and a thickness of 1.5 mm. The surface magnetic flux density measured using a tesla meter is 265 mT for permanent magnet A and 225 mT for permanent magnet B. The two identical translational springs are stainless steel compression coil type springs and have an outer diameter of 6 mm, a free length of 5 mm, and a spring constant of 1425 N m k   . To obtain the optimal moving characteristic, the optimal spring constant appropriate for the magnetic circuit was chosen. As shown in Figure 2 H = 1 mm and diameters D = 5 mm was used in the present study. The size of the iron core is different as compared with that of the previous study [16, 18] . The electrical resistance of the electromagnet is 223 . In combination with the two translational springs, this electromagnet also acts as the mass of the mass-spring system. As shown in Figure 2 , the spring is adhered to the ring type plastic plate, and the electromagnet and the two springs are connected by two metallic rods with metallic circular plates at both ends. The legs used to support the actuator are constructed of natural rubber having a total length of 10 mm, a thickness of 0.5 mm, and a width of 5 mm. The rubber legs are attached to the electromagnet by means of a square plastic rod of 5 mm in length and a metallic rod. The electromagnet and the two rubber legs move in unison. Figure 1(a) also illustrates an electrical DC-AC inverter, which was developed in order to realize a cableless actuator. This inverter is composed of a reed switch and a curved permanent magnet. The reed switch has a diameter of 1.8 mm and a length of 10 mm. The actuator containing 10 button batteries of SR626W silver-oxide has a length of 80 mm and a total mass of 9.8 g.
On the other hand, the actuator with 10 button batteries of SR621W silver-oxide is a length of 75 mm and a total mass of 8.8 g.
The actuator is able to move by the difference in frictional force between forward and backward supporting force of flexible materials like a rubber [16] [17] [18] . Figure 3 shows a sectional view of a bobbin type electromagnet of the propulsion module. The iron core of the bobbin type electromagnet consists of two identical circular plates, and a straight rod of 2.7 mm in diameter. The iron core of the bobbin type electromagnet was roughly designed by computer simulation and then opti mized experimentally. As shown in Figure 2(b) , the iron core has a circular plate with H = 1 mm and D = 5 mm. An experiment was conducted using the apparatus shown in Figure 4 . A direct current by using several button batteries was applied to the electromagnet during measurement. The origin of the measurement was taken as center of the ring type permanent magnet, and the z position was measured as shown in Figure 4 . Figure 5 shows the relationship between the number of the batteries and the maximum magnetic static force for propulsion modules I and II. The magnetic static force becomes maximum when the z position is zero. Both curves increase linearly with the number of batteries. In the present study, Maxell SR626W silver-oxide button batteries were used. Each battery is 6.8 mm in diameter and 2.6 mm thick and has a mass of 0.4 g and a capacity of 28 mAh at a nominal output of 1.55 V. Figure 6 shows the relationship between the displacement of the spring and the force. When using of the propulsion module to produce a large force, the influence of the nonlinearity of the spring increases considerably. When the nonlinearities of the spring increase, the vibration displacement of the actuator becomes the small. We have to reduce the nonlinearity of the spring, and measures to increase the force will be necessary in future.
Propulsion Properties of the Magnetic Circuit

Structure and Operating Principles of the
Electrical DC-AC Inverter Figure 7 shows a diagram of the electrical DC-AC inverter for the realization of a cableless actuator. The structure and size of the electrical DC-AC inverter are the same as previous study [16] [17] [18] . As mentioned earlier, the proposed inverter is composed of a reed switch and a curved permanent magnet. The reed switch is 1.8 mm in diameter and has a length of 10 mm. The curved permanent magnet is an arc type NdFeB magnet having a width of 1 mm and a thickness of 0.8 mm and is magnetized in the axial direction. The reed switch and the bobbin type electromagnet are connected by thin copper wire to a DC source, such as a battery, as shown in Figure 7 (a). The reed switch attached to the electromagnet vibrates around the curved permanent magnet. The strength of the magnetic field between the curved permanent magnet and the reed switch attached to the electromagnet is determined by the vibration amplitude. The mass-spring system vibrates, and the two cantilever beams inserted into the body of the reed switch make and break contact, cycling the switch on and off. As a result, the DC voltage is converted into a square alternating waveform, and the magnetic force acts on the mass-spring system. The direct current into the electromagnet was 0.05 A. The current waveform generated during switching of the reed switch was stored in a PC via a fast Fourier transform (FFT) analyzer. Figures 7(b) and (c) show the arrangement of the reed switch and the curved permanent magnet. The origin of the measurement was taken as the center of the curved permanent magnet, the x and z coordinates were measured as shown in Figure 7(c) . Figure 8 shows the displacement of the mass-spring system and the current generated due to the reed switch and the curved magnet when the position x and z was 0.2 mm and 0.3 mm. The duty factor of the current produced at this time was about 40%. Figure 9 shows the relationship between the duty factor and the position z when the position z was taken to 0.2 mm.
When the interval during the position z and the origin spreads, the duty factor becomes small.
Locomotion Characteristics of the Cableless Magnetic Actuator
Maxell SR626W silver-oxide button batteries or Maxell SR621W silver-oxide button batteries as the power source for the actuator were used. The battery of SR621W is 6.8 mm in diameter and 2.15 mm thick, with a mass of 0.3 g and a capacity of 18 mAh at a nominal output of 1.55 V. In all measurements, the supporting force of the actuator in the pipe was set to 0.12 N. Figure 10 shows the relationship between the duty factor and the vertical upward speed of the actuator with propulsion modules I when Maxell SR626W button battery pack was used.
Thus, vertical upward speed of the actuator can change by changing the duty factor of the electrical DC-AC inverter. Figure 11 shows the relationship between the duty factor and self-propellant efficiency of the actuator for eight and ten SR626W batteries. The self-propellant efficiency η is expressed as follows:
where v up is the vertical speed, M is the total mass of the actuator, G is the acceleration due to gravity, V is the input voltage, and I is the input current. The maximum efficiency of the actuator for ten SR626W batteries is 56% when the duty factor was 20%. The efficiency is thought to be high for an electromagnetic actuator of this size.
The solid line in Figure 12 shows the relationship between the number of button batteries and the vertical upward speed of the actuator with propulsion modules I or II. The position x between the reed switch and the curved magnet is 0.2 mm, and the position z is 0.5 mm. The duty factor at this time was 35%. The increase in the static magnetic force brings increase in speed when Maxell SR626W silver-oxide button batteries were used. For the case of ten batteries, the vertical speed was 233 mm s . It can be seen that the maximum vertical upward speed in the present study slightly increased than that of previous study obtained [18] by changing size of the iron core. In this figure, the broken line shows the result when Maxell SR621W silver-oxide button batteries were used. For the case of ten batteries, the vertical speed was 242 mm/s. This is because the mass of the SR621 battery is lighter than that of SR626 battery. In the case of a lightweight actuator, because frequency of the actuator increases, high speed locomotion is possible. The vertical upward speed was 29 mm/s when SR621W four batteries were used. The actuator of this case is a length of 62 mm and a total mass of 7 g. By the change of the shape of the electromagnet, the moving properties of the actuator were improved in comparison with a previous paper [16, 18] . The moving property of this cableless magnetic actuator exhibits good performance compared with other types of actuators that are powered by an electric cable [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] .
On the other hand, for the case of SR621W ten batteries, the horizontal speed was 327 mm/s. The total range of this actuator was 471 m in for horizontal motion over 24 minutes. The horizontal speed was 298 mm/s when Maxell SR626W button batteries were used. The total range of this time was 679 m in for horizontal motion over 38 minutes.
Conclusion
A cableless magnetic actuator powered by an electrical DC-AC inverter capable of locomotion in a thin pipe has been proposed and tested. The difference of the two kinds of batteries on the moving properties was discussed. The actuator was able to move horizontally at 327 mm/s, and vertical upward at 242 mm/s when Maxell SR621W silver-oxide button batteries were used. Thus, the proposed actuator is highly promising for transportation of straight piping systems. Experimental result demonstrates that the speed of the cableless magnetic actuator is able to change by changing the duty factor of the electrical DC-AC inverter. In addition, we demonstrated that the efficiency improved by the changing the duty factor. When using of the magnetic circuit to produce a large magnetic force, the nonlinearities of the spring increase. Accordingly, if the magnetic circuit to produce appropriate force with light weight was loaded, and frequency of the actuator can increase, the moving properties of the magnetic actuator considerably improve.
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